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Pili are fibrous virulence factors associated directly
to the bacterial surface that play critical roles in adhe-
sion and recognition of host cell receptors. The
human pathogen Streptococcus pneumoniae carries
a single pilus-related adhesin (RrgA) that is key for
infection establishment and provides protection
from bacterial challenge in animal infection models,
but details of these roles remain unclear. Here we
report the high-resolution crystal structure of RrgA,
a 893-residue elongated macromolecule whose fold
contains four domains presenting both eukaryotic
and prokaryotic origins. RrgA harbors an integrin I
collagen-recognition domain decorated with two in-
serted ‘‘arms’’ that fold into a positively charged
cradle, as well as three ‘‘stalk-forming’’ domains.
We show by site-specific mutagenesis, mass spec-
trometry, and thermal shift assays that intradomain
isopeptide bonds play key roles in stabilizing RrgA’s
stalk. The high sequence similarity between RrgA
and its homologs in other Gram-positive microorgan-
isms suggests common strategies for ECM recogni-
tion and immune evasion.
INTRODUCTION
Pili are elongated, flexible appendages directly associated to the
bacterial surface that have been shown to participate in essential
events for infection establishment, including adhesion to the
extracellular matrix, DNA transfer, and biofilm formation. The
well-studied Gram-negative pili consist of thin fibers formed by
non-covalently associated building blocks, and binding to host
cells is performed by adhesins, which are often localized on
the fimbrial tip. Adhesin recognition of oligosaccharides of target
cell glycoproteins or glycolipid receptors determines tissue
tropism and is often essential for the initial phases of the infection
process (Proft andBaker, 2009; Soto andHultgren, 1999; Telford
et al., 2006). Pili in Gram-positive pathogens have only been
recently described, and consist of a backbone formed by cova-
lently linked copies of amajor pilin to whichminor pilins are asso-
ciated. Although the minor subunits are not required for forma-
tion of the pilus shaft, they have been shown to be essential for
host cell recognition and adhesion of a variety of Gram-positive
microorganisms (Abbot et al., 2007; Barocchi et al., 2006;106 Structure 18, 106–115, January 13, 2010 ª2010 Elsevier Ltd All rDramsi et al., 2006; Maisey et al., 2007; Mandlik et al., 2007; Nal-
lapareddy et al., 2006; Nelson et al., 2007). In addition, pilus-
related adhesins of Gram-positive bacteria confer protection
against a potentially lethal bacterial challenge in animal disease
models (Gianfaldoni et al., 2007; Maione et al., 2005; Mora et al.,
2005), underlining the importance of these molecules in patho-
genesis and as well as of their potential application as antigens
in vaccination strategies (Proft and Baker, 2009; Telford et al.,
2006).
The Gram-positive human pathogen Streptococcus pneumo-
niae accounts for a large number of cases of pneumonia, otitis,
and meningitis, and is one of the major causes of community-
acquired illnesses. Despite the availability of antibiotic treatment
and vaccine strategies, it still claims yearly over 1.5 million
victims worldwide, mostly due to the spread of antibiotic-resis-
tant strains and the limited efficacy of vaccines (Bronzwaer
et al., 2002; Levine et al., 2006). Thirty percent of S. pneumoniae
strains isolated in clinical environments are piliated and carry the
rlrA genetic element, which codes for all seven genes required
for pilus formation: the rlrA regulating element, the backbone-
forming pilin (RrgB), an adhesin (RrgA), a minor pilin (RrgC),
and three sortases (SrtC-1, SrtC-2, SrtC-3) (Barocchi et al.,
2006; Dramsi et al., 2008; LeMieux et al., 2006). Sortases are
cysteine transpeptidases that recognize cell-wall sorting signals
(CWSS) such as LPXTG-like motifs on target pilins and catalyze
both the covalent association of pilus backbone subunits and the
association of minor pilins to the fibrillar shaft (Mandlik et al.,
2008a; Scott and Zahner, 2006; Ton-That and Schneewind,
2004). Although sortases have been shown to recognize prefer-
entially one Rrg substrate, it is now known that their specificities
can be interchangeable up to a certain extent, a fact that is
potentially linked to the similarity of their active sites (Fa¨lker et al.,
2008; Manzano et al., 2008; Neiers et al., 2009; Manzano et al.,
2009). Immunoelectron microscopy imaging has shown that
the pneumococcal backbone fiber is formed by RrgB, whereas
RrgA and RrgC are associated along the filament (Barocchi
et al., 2006; Hilleringmann et al., 2008; LeMieux et al., 2006).
The only adhesin of the pneumococcal pilus, RrgA, plays a key
role in bacterial adhesion both to respiratory and to epithelial
cells (Nelson et al., 2007); in addition, it has been shown to
interact with different elements of the extracellular matrix
(ECM), namely fibronectin, collagen, and laminin (Hilleringmann
et al., 2008). Interestingly, however, cellular recognition by pneu-
mococcal pili also occurs in DrrgBDrrgC strains, in which the
RrgB backbone is notably absent, suggesting that the adhesive
properties of RrgA are effective even when it is associated
directly onto the bacterial surface (Nelson et al., 2007). However,ights reserved
Table 1. Data Collection, Phasing, Molecular Replacement, and Structure Refinement Statistics
Data Collection
Data set Peak Inflection Point Low Remote Native
Wavelength (A˚) 0.9791 0.9793 0.9751 0.9810
Space group P21 P21 P21 P212121
a (A˚) 51.66 51.78 51.85 51.09
b (A˚) 83.66 83.98 84.13 83.73
c (A˚) 180.27 180.91 181.24 299.43
b () 89.79 89.82 89.83
Resolution (A˚) 2.41 2.41 2.41 1.90
No. observed/unique reflections 193,352/102,274 187,186/100,908 176,800/97,859 582,427/97,681
Completeness (%) 81 (60) 76.4. (50.7) 70.6 (41.8) 88.7 (64.4)
Rsym (last shell) 7.9 (36.3) 8.6 (59.4) 9.9 (82.4) 5.3 (35.9)
I/s(I) (last shell) 6.97 (2.13) 6.4 (1.41) 5.75 (0.97) 38.29 (5.96)
Phasing
Phasing power ANO 0.828 0.606 0.256
Phasing power ISO (acentric/centric) 0.104/0.109 0.192/0.189
FOMobs 0.3433
FOMDM 0.8759
Molecular Replacement
Phaser RFZ/TFZ 22.2/31.2
LLG 968/1090
Refinement
Resolution (A˚) 1.90
Rwork (%) 19.80
Rfire (%) 23.80
No. of protein atoms 6486
No. of solvent atoms 819
No. of HEPES molecules 2
Rmsd, bond lengths (A˚) 0.024
Rmsd, bond angles () 1.890
Mean B factor (A˚2) 18.56
Residues in most favored/allowed region
of Ramachandran plot (%)
98.23
Structure
Structure of the Pneumococcal Pilus Adhesionneither the identity of RrgA’s cellular receptor(s) nor details
regarding its multifaceted mode of ECM recognition are known.
In order to address this question, we solved the high-resolu-
tion crystal structure of RrgA from the highly infectious TIGR4
pneumococcal strain. In contrast to all adhesin structures solved
to date, which display compact folds of limited size, RrgA is an
893-residue, elongated molecule that harbors four domains
associated semilinearly as ‘‘beads on a string.’’ The largest
domain harbors a region that displays high similarity to the
collagen-binding integrin I domain, whereas the three others
display folds present in other bacterial systems, namely a region
reminiscent of the CnaB adhesin of S. aureus and two immuno-
globulin (IgG-like) domains. Both CnaB-like and IgG domains
are stabilized by intermolecular isopeptide bonds, which we
show, by mutagenesis and thermal shift assays, to be key for
RrgA stabilization. The high sequence similarity between RrgA
and other streptococcal pilus adhesins suggests that its
complex, multifaceted fold, which involves elements from bothStructure 18, 106eukaryotic and prokaryotic systems, will provide information
regarding pilus-ECM interactions in a variety of Gram-positive
pathogens.
RESULTS
RrgA, A Four-Domain Adhesin
RrgA is an 893-residue protein whose primary structure analysis
predicts the presence of a vonWillebrand factor-like domain and
reveals an LPXTG-like CWSS at its C terminus; a construct that
lacks the first 38 amino acids, predicted to be disordered, as well
as the CWSS was used for crystallization. RrgA (39-868) crystal-
lized as a monomer in space group P21, and the structure was
solved by performing a three-wavelength anomalous dispersion
(MAD) experiment on a selenomethionylated crystal at the ESRF
synchrotron in Grenoble; this model was subsequently used to
phase native data to 1.9 A˚. Data collection, phasing, and refine-
ment statistics are included in Table 1.–115, January 13, 2010 ª2010 Elsevier Ltd All rights reserved 107
Figure 1. Schematic Arrangement and Tertiary Fold of RrgA
(Top) RrgA is composed of four domains, where D3 is inserted into D2, and
D2/D3 are inserted into D1.
(Bottom) In 3D, RrgA’s four domains are aligned much like beads on a string;
D1 is shown in dark green (N-terminal region) and light green (C-terminal
strand); the Cna-B-like domain of D2 is formed by residues from the N terminus
(light blue) and C terminus (dark blue) of the molecule. The integrin I-like
domain is shown in yellow, with the extended arms in red and magenta. The
C terminus of RrgA is composed of domain D4 (orange).
Structure
Structure of the Pneumococcal Pilus AdhesionRrgA (residues 47-815 Figure 1; see Figure S1 available online)
is an unusual four-domain (D1-D4), elongated molecule that is
approximately 195 A˚ long and 70 A˚ wide; domains D1 and D2
carry elements from both N-terminal and C-terminal regions of
RrgA into which other sequences have been inserted (domain
D3 is inserted into D2; D2/D3 are inserted into D1). The four
domains make few contacts with each other, being mostly asso-
ciated through short linkers and hairpins, which suggests that
the full-length protein, once associated to the RrgB backbone
fiber, could display a considerable level of domain flexibility.
Domain D1 is highly reminiscent of an IgG domain (Figure S2).
Five b strands are formed from the N terminus of the sequence
(residues 47-141), whereas the last strand, which connects to
D4, is formed by C-terminal residues 723-731 (dark green in
Figure 1B). Domain D2 is formed by N-terminal residues 144-
218 and C-terminal residues 593-722 that clasp into an 11-b-
stranded sandwich (cyan and blue, Figure 1B). The two ‘‘halves’’
of the sandwich are locked together by an isopeptide bond
between Lys191 and Asn695. Notably, the fold of D2 is reminis-
cent of that of the B domain of the collagen-binding adhesin Cna
from S. aureus (Deivanayagam et al., 2000) (Figure S2);
a comparison of the two structures reveals that it is mostly the
core b strands that are structurally comparable, and RrgA
harbors additional hairpins and loops located away from the
core. The D2 domain is linked to a third, major domain (D3)
through a short b-hairpin structure, itself also composed of resi-
dues from the N-terminal and C-terminal regions of the molecule
(Thr214-Gln218, and Val587-Lys591).
RrgA’s D3 domain (Lys219-Ile586) contains a region (yellow in
Figure 1) whose fold highly resembles that of the human A3
domain of von Willebrand factor (VWA), a molecule shown to
interact with collagens I and III (Bienkowska et al., 1997; Cruz
et al., 1995). The VWA fold is found in many eukaryotic cell
surface proteins involved in interactions with the extracellular
matrix (Springer, 2006), including within the b domain of integ-
rins, where it also has been shown to play a role in collagen inter-
action (Emsley et al., 2000; Kamata and Takada, 1994; Tuckwell
et al., 1995). The classical VWA/integrin I fold consists of
a central, six-stranded b sheet surrounded by a helices, resem-
bling a dinucleotide-binding domain (Bienkowska et al., 1997;
Emsley et al., 2000; Huizinga et al., 1997; Lee et al., 1995b; Qu
and Leahy, 1995; Vorup-Jensen et al., 2003) and superposition
of the structure of the a2b1 integrin onto the analogous domain
in RrgA reveals high structural similarity (Figure S2) (albeit
a sequence identity level that is below 10%). However, RrgA’s in-
tegrin I-like domain displays a five-stranded parallel sheet and
carries two main inserted ‘‘arms’’ (Figure S3). The first inserted
region immediately follows b2 and involves residues Phe280-
Asp318 (magenta in Figure 1); it folds into an elongated region
carrying two b hairpins. The second, larger insertion region
ranges from Met392 to Gly516 (red in Figure 1); although it is
mostly composed of loops, it carries one short hairpin region
and two helices. These two inserted arms extrude from the
core of the integrin I-like domain and stretch out, away from
the body of the molecule, making a large number of interactions
throughout. Interestingly, sequence analyses and structural
predictions of RrgA homologs in different pathogenic strepto-
coccal species (Figure 2) reveal that the full-length molecules
display a sequence identity level of approximately 50% (with108 Structure 18, 106–115, January 13, 2010 ª2010 Elsevier Ltd All rights reserved
Figure 2. Streptococcal Pilus Adhesins Show Multiple Similar Structural Features
Sequence alignment of the D3 domain of RrgA with the analogous domain of the major pilus adhesins (RrgA homologs) from Streptococcus agalactiae (B8RD39)
and Streptococcus pyogenes (B8QYF2), as well as the I domain of eukaryotic integrin a2b1. Identical residues are shown in white with a red background. Resi-
dues involved in the MIDAS motif are highlighted in green. Thr357, which could potentially bind the metal ion directly upon a ligand-induced conformational
change, is highlighted in blue. Secondary structure elements corresponding to inserted arms are shown in magenta and red; note their clear absence in the
sequence of integrin a2b1. The red arm region shows the highest level of sequence divergence.
Structure
Structure of the Pneumococcal Pilus Adhesionsimilarity levels beyond 70%), and also harbor integrin I-like
domains decorated with arms. However, it is precisely in the
region of the inserted arms that the sequence identity level is
the lowest (in the range of 40%); this is the most evident in the
analysis of Figure 2, and suggests that this region could be em-
ployed for different roles in pathogenesis (see below).
Domain D4 (orange in Figure 1) precedes the CWSS
C-terminal sequence and is separated from domain D3 through
a 13-residue stretched linker region with high temperature
factors (and thus flexibility). D4, like D1, is highly reminiscent of
an IgG domain (Figure S2), and is composed uniquely ofStructure 18, 106C-terminal residues 736-859. IgG domains have been identified
within the structure of the minor adhesin GBS52 of the pilus of
S. agalactiae, where they have been shown to be crucial for
bacterial adhesion (Krishnan et al., 2007), and is notably present
in structures of adhesins associated to Gram-negative pili (Soto
and Hultgren, 1999). In addition, a second isopeptide bond is
present between Lys742 and Asn854 (see below).
Multiple Extracellular Matrix-Binding Platforms
Integrin I domains carry aMIDAS (metal ion-dependent adhesion
site) motif located largely on the C-termini of the central b sheet.–115, January 13, 2010 ª2010 Elsevier Ltd All rights reserved 109
Figure 3. The MIDAS Motif of RrgA
(A) The metal ion, refined here as a Mg2+, is stabilized by a classical constella-
tion of residues also seen in MIDAS motifs of eukaryotic proteins.
(B) Mapping of identical (red) and similar (orange) residues in RrgA-like adhe-
sins in Streptococcal spp. (S. pneumoniae, S. agalactiae, S. pyogenes) onto
the structure of the D3 domain of RrgA. Residues involved in forming the
MIDAS motif are in dark blue. The central region of the domain, which harbors
theMIDASmotif, is themost conserved, while the arms of the structure display
patches of nonconserved sequence.
Structure
Structure of the Pneumococcal Pilus AdhesionThis site is formed by an aspartate and 2 serine residues orga-
nized within a Asp-X-Ser-X-Ser sequence, as well as a Thr and
a second Asp residue, and has been shown to play a key role
in the recognition of collagen (Emsley et al., 2000; Kamata and
Takada, 1994). The analogous region in RrgA, located within
domain D3, also carries a MIDAS motif composed of the
Asp232-X-Ser234-X-Ser236 constellation of residues on loop1
and one acidic residue (Asp 387) on loop 3 (Figures 2 and 3A).
In addition, as is the case for integrins, the MIDAS motif of
RrgA coordinates a metal ion that we have modeled here as an
Mg+2 (although no metal was included in the crystallization solu-
tion). Ser234, Ser236, and Asp387 form direct bonds to themetal
through their hydroxyl oxygen atoms, whereas Asp232 and
Thr357 contribute water-mediated contacts. It is of note that in-
tegrin I domains undergo large conformational changes upon
ligand binding (Springer, 2006), and the conformation of the
RrgA MIDAS domain, presented here in the absence of ligand,
is closed. It is of interest, however, that the high structural simi-
larity between the D3 domain of RrgA and beta-I integrin
domains, including the presence of metal within the MIDAS
motif, clearly points to collagen recognition as a potential func-
tion for RrgA; interestingly, this is confirmed by the studies of Hill-
eringmann and colleagues (Hilleringmann et al., 2008) who iden-
tified collagen as a major target for RrgA. One notable difference
between the MIDAS motif of eukaryotic integrins and pneumo-
coccal RrgA is that in the former, the motif is located superfi-
cially, on a shallow region of the protein surface, whereas in
RrgA it is positioned within an a trench-like region cradled by
the two inserted arms (Figure S4). Superposition of the structure
of integrin a2b1 in complex with a triple-stranded peptide from
collagen III (PDB 1dzi) onto RrgA generated a large number of
clashes (not shown), suggesting that accommodation of the
collagen peptide into the trench would require localized move-
ment of MIDAS residues, as shown for ‘‘open’’ conformations
of many integrin I domains (Springer, 2006). Superposition of
the structure of the RrgA MIDAS domain with the open and
‘‘closed’’ forms of the CR3 b2-integrin (Lee et al., 1995a)
suggests that cleft opening could include movement of the
Thr357 side chain, which could potentially interact directly with
themetal ion in the liganded form (Figure S5). In addition, confor-
mational changes could include movement or rotation of the
arms. Such an entrenched recognition between a pilus adhesin
and an ECM component could provide accrued stability to the
bacterium on the matrix surface.
In addition to recognizing collagen, RrgA has also been shown
to be important for S. pneumoniae’s recognition of laminin and
fibronectin, common components of the eukaryotic extracellular
matrix (ECM) (Hilleringmann et al., 2008). Glycosaminoglycans
(GAGs) are linear polysaccharides attached covalently to
proteins of the proteoglycan family, and are ubiquitously present
on all animal cell surfaces. Interestingly, several proteins that
recognize GAGs do so through elongated crevices rich in basic
residues (Imberty et al., 2007). Notably, analysis of a surface
potential map of RrgA reveals that the two insertion arms of D3
join on the region that is the farthest from the N and C termini
of RrgA in order to form a large, cradle-shaped surface of highly
basic character (Figure 4). The concentration of basic residues
present in the U-shaped cradle suggests that the cradle could
provide the binding site for negatively charged molecules (such110 Structure 18, 106–115, January 13, 2010 ª2010 Elsevier Ltd All ras GAGs that are directly associated to fibronectin and laminin)
and thus bridge the interaction between the bacterium and the
ECM. Interestingly, only few of the basic residues identified in
the U-shaped cradle of RrgA are strictly conserved (as Lys orights reserved
Figure 5. Domains D2 and D4 Are Stabilized by Intramolecular
Isopeptide Bonds
(A) Domain D2 carries a bond between the side chains of Lys191 and Asn695
that, in addition to Asp600, is also stabilized by two Thr hydroxyl groups.
(B) The isopeptide bond in domain D4 is stabilized by nearby Glu803. In both
(A) and (B), Fo-Fc simulated annealing omit maps are shown.
(C) Thermal shift analysis results for RrgA isopeptide bond mutants. Wild-type
RrgA (orange) displays maxima at 51C and 64C, while mutants involving the
D2 domain isopeptide bond have lost the 64C peak, indicating that the RrgA
stalk could be compromised.
Figure 4. Another ECM-Binding Region Is Formed by the Inserted
Arms
Surface potential diagram of the D3 domain of RrgA that shows the basic
U-shaped cradle. This view is 180 away from the one shown in Figure 3B.
Structure
Structure of the Pneumococcal Pilus AdhesionArg) among the sequences of the pilus adhesins of S. agalactiae
and S. pyogenes (Figures 2 and 3B), suggesting that the crevice
formed by the arms in these adhesins could potentially recognize
other host cell molecules. This observation could provide
a partial explanation for the distinct tissue tropism observed for
piliated Gram-positive species.
The ‘‘Stalk’’ Is Stabilized by Intramolecular Isopeptide
Bonds
The pilus-forming biosynthetic machinery in Gram-positive
organisms requires the formation of intermolecular isopeptide
bonds, notably between the sortases and the LPXTG-like motif
on their target proteins (Mandlik et al., 2008b; Scott and Zahner,
2006). In addition, isopeptide bonds formed within a single
domain have also been identified in the structure of Sp0128,
the major pilin subunit from S. pyogenes (Kang et al., 2007)
and of a minor accessory pilus molecule from the S. agalactiae
pilin (Krishnan et al., 2007). These bonds have been shown to
be the product of an intramolecular reaction between the side
chains of a Lys and an adjacent Asp residue, and the NZ and
OD1 atoms of the resulting bond are both stabilized by hydrogen
bonding with an acidic residue in the immediate vicinity (Kang
et al., 2007). RrgA harbors two intramolecular isopeptide bonds,
one located in the Cna-B-like D2 domain, and a second one in
D4. The bond within D2 is formed between the side chain of
Lys191 (in the N-terminal region of the RrgA sequence) and
Asn695 (in the C terminus of the structure). Although an acidic
group (Asp600) is located in its vicinity, the side chains of
Thr694 and Thr698 also provide additional stabilization for theStructure 18, 106isopeptide linkage (Figure 5A). The isopeptide bond present in
D4 is formed by proximal elements of the C-terminal sequence,
namely Lys742 and Asn854; the hydrogen bonding stabilization
profile is more classical, being provided by Glu803 (Figure 5B).
As is the case for other isopeptide linkages, the intramolecular
isopeptide bonds in RrgA are also surrounded by hydrophobic
residues: Ile206, Leu208, and Phe713 for the D2 bond and
Leu751, Phe756, and Ile852 for the D4 bond.
We sought to confirm the importance of the two isopeptide
bonds for RrgA’s stability using site-specific mutagenesis,
mass spectrometry, and thermal shift analyses. The molecular
mass of wild-type RrgA, measured by mass spectrometry, was
consistent with the absence of two NH3 groups (thus confirming
the formation of two isopeptide bonds; see Table 2). We initially
studied the isopeptide bond in D2, and generated single mutants
in which Lys191, Asn695, and Asp600 were mutated into
alanines. For each mutant, the measured mass was compatible
with the loss of one isopeptide bond; thus, mutants K191A and
N695A were no longer capable of generating the isopeptide
bond in D2 (uniquely in D4). Interestingly, an RrgA variant
carrying a D600A mutation behaved similarly to the K191A and
N695A mutants, also displaying the inability to generate one–115, January 13, 2010 ª2010 Elsevier Ltd All rights reserved 111
Table 2. Mass Measurements of RrgA Variants by Electrospray Ionization Mass Spectrometry Time-of-Flight Mass
CalculatedMass (Da)
MeasuredMass
(Da)
Mass Difference
(Calculated  Measured)
Number of Isopeptide
Bonds Present
WT RrgA 94 197.5 94,163.7 33.8 2
E803A 94 139.5 94,123.8 15.7 1
K191A 94 140.4 94,124.8 15.6 1
N695A 94 154.5 94,139.3 15.2 1
D600A 94 153.5 94,139.3 14.2 1
D600A/E803A 94 095.5 94,096.0 0.5 0
The presence of one isopeptide bond corresponds to the loss of one NH3 group (17Da).
Structure
Structure of the Pneumococcal Pilus Adhesionisopeptide bond even in the presence of intact Lys191 and
Asn695 side chains. These results suggest that the function of
the acidic side chain in isopeptide bond formation is dual: it
provides hydrogen bonding stabilization to the bond once it is
formed, but must also play a key role in its formation during
protein folding. In light of these results and in order to study
the isopeptide bond located within domain D4, we generated
an RrgA variant carrying a single E803Amutation. Mass spectro-
metric measurements of RrgA-E803A confirmed that one iso-
peptide bond was also missing in this form, thus confirming
that the presence of an acidic residue in the immediate environ-
ment of an isopeptide bond is an essential factor for its forma-
tion. Notably, no isopeptide bonds could be identified in an
RrgA-D600A-E803A double mutant (Table 2).
We then performed thermal shift analyses of all RrgA variants.
Proteins were gradually heated in an IQ5 Bio-Rad apparatus and
thermal unfolding curves were monitored through the detection
of changes in fluorescence of a Sypro Orange probe. This anal-
ysis (Figure 5c) reveals that wild-type RrgA displays two unfold-
ing maxima: the first at approximately 51C (±0.5), which is
shared with all other RrgA variants, and a second, less
pronounced peak, whose Tm value is approximately 64
C
(±0.2). Because the major peak is present in experiments with
all RrgA forms independent of the presence or absence of iso-
peptide bonds, it could represent the unfolding of the D3 domain.
In the RrgA-E803A variant, which lacks the isopeptide bond in
domain D4, the Tm of the second peak is 2
C lower than for
the wild-type form; this observation suggests that the minor
peak corresponds to the unfolding of the smaller domains.
Notably, in the cases of both RrgA-D600A and RrgA-D600A-
E803A, the second peak is not observed; the absence of this
second transition point suggests that absence of the isopeptide
bond in domain D2 (Cna-B-like) engenders a destabilization of
the entire RrgA stalk. Recently, it has been shown that the iso-
peptide bonds carried by S. pyogenes Sp0128 also play a key
role in stabilization of the fiber-forming molecule (Kang and
Baker, 2009) whereas isopeptide bonds in the analogous mole-
cule of B. cereus, BcpA, are crucial for pilus assembly (Budzik
et al., 2008). These results confirm that such bonds play
a universal stabilizing role in the pilus-formation processes of
Gram-positive species.
DISCUSSION
Adhesion to target host cells by surface-exposed virulence
factors, such as pili, is a key step in infection establishment by112 Structure 18, 106–115, January 13, 2010 ª2010 Elsevier Ltd All ra large number of bacterial pathogens. The well-studied pili
from Gram-negative pathogens have been shown to display
specific adhesins on their tips that play important roles in adher-
ence to both the extracellularmatrix and to glycoprotein or glyco-
lipid receptors, oftendetermining tissue tropism (Proft andBaker,
2009; Soto and Hultgren, 1999). In Gram-positive pathogens,
however, clarification of the details of the pilus-mediated adhe-
sion process has only recently started. In this work, we report
the structural characterization of a totally novel adhesin that is
essential for the infectivity process of a major human pathogen
and whose tertiary fold is composed of linearly aligned domains
observed in both eukaryotic and prokaryotic organisms.
RrgA is composed of four independent domains linked by flex-
ible regions. This organization can potentially allow for interdo-
main flexibility, which could be important for the recognition of
different host targets during the infection process, while the
presence of two isopeptide bonds guarantees stability of the
individual domains. The composite nature of RrgA includes
two IgG domains (D1/D4), and their potential function could
include enhancement of binding of the adhesin to host tissue
receptors and/or providing stability for the macromolecule.
These functions are observed in a number of bacterial adhesins;
PapG, for example, is located at the distal end of the P pilus of
uropathogenic E. coli (UPEC) and folds into two IgG-like
domains, one of which is key for receptor recognition (Dodson
et al., 2001). The GBS52 pilus adhesin of S. agalactiae also
harbors two IgG-like regions, one of which is key in promoting
adherence to lung tissue, while the second one provides struc-
tural support (Krishnan et al., 2007). In RrgA, the latter function
could be shared by its Cna-B-like domain (D2), because the B
domain of collagen-binding protein Cna of S. aureus has also
been suggested as being the stalk that projects the A
collagen-binding domain away from the bacterial surface and
toward the ECM (Deivanayagam et al., 2000). In RrgA, domains
D1, D2, and D4 are associated linearly, with D3 located at the
edge (Figures 1; Figure S1). This arrangement suggests that
one of the roles of domains D1, D2, and D4 could be to project
the ECM-recognition D3 domain away from the pilus fiber in
order to reach out toward the host cell as much as possible.
Association of RrgA to the RrgB pilus backbone is catalyzed
through recognition of dedicated sortases of the LPXTG-like
CWSS motif on the C terminus of D4, lending support to this
hypothesis.
The D3 domain of RrgA harbors two different potential ECM-
recognition platforms: the integrin I domain, shown to participate
in collagen binding in many eukaryotic proteins, and the basicights reserved
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Structure of the Pneumococcal Pilus AdhesionU-shaped cradle, located at the very edge of the adhesin, which
could potentially be the binding site for negatively charged glu-
cosaminoglycans or other acidic molecules of the ECM. The
high sequence similarity between RrgA and pilus adhesins
from S. pyogenes and S. agalactiae points to the possibility
that the three-dimensional fold of these proteins could be highly
similar (notably with the strict conservation of the MIDASmotif in
all three molecules, Figures 2 and 3B); the identification of
collagen-binding capabilities by a S. pyogenes strain (Kreike-
meyer et al., 2005) provides support for this proposition. In addi-
tion, the presence of the integrin I domain, which is widespread
in a number of eukaryotic proteins, in pilus-associated adhesins
of all three pathogenic species suggests that this could be
a strategy that allows the pathogen to evade host defensemech-
anisms. Albeit the structural similarity of the core regions, there
are notable charge differences within the arms (notably within
residues forming the cradle) that could be an indication of the
differential interaction of such adhesins with the host, which is
to be expected from molecules that target different tissues.
RrgA and its counterparts in S. pyogenes and S. agalactiae
have been shown to provide protection in animalmodels of acute
disease and could thus represent interesting potential antigens
for vaccine development (Abbot et al., 2007; Nelson et al.,
2007; Dramsi et al., 2006;Maisey et al., 2007). Notably, strategies
for the generation of novel vaccines include the rational engi-
neering of antigenic targets through the understanding of domain
boundaries and epitope structures (Dormitzer et al., 2008). The
identification of individual domainswith distinct host cell recogni-
tion functions in the structure of the pilus adhesin reported here is
an essential step in this process, and should be exploited in the
development of novel anti-streptococcal vaccines. In addition,
the predicted structural similarity between the adhesins of these
three major piliated microorganisms suggests that the RrgA
structure could provide a basis for the understanding of ECM-
recognition features by different Gram-positive pathogens.EXPERIMENTAL PROCEDURES
Expression and Purification of Recombinant Proteins
The region of the S. pneumoniae TIGR4 rrgA gene (SP0462) coding for amino
acids 39 to 868 was amplified using conventional polymerase chain reaction
(PCR) methodologies and cloned into vector pLIM (Protein Expert, Grenoble).
The resulting vector was transformed into E. coli RIL cells (Invitrogen) to
produce recombinant protein with an N-terminal hexahistidine tag. Protein
expression was induced in Terrific Broth with 1 mM IPTG at 37C for 3 hr.
Bacteria were collected by centrifugation, resuspended in a minimal volume
of buffer (50 mM Tris-HCl, 150 mM NaCl [pH 8.0], 20 mM Imidazole, 1 mM
PMSF, 0.1mm aprotinin, and 1 mM pepstatin) and lysed by sonication. The
lysate was clarified by centrifugation and applied onto an immobilized metal
chelate affinity chromatography column (HisTrapHP; GE HealthCare) pre-
equilibrated in lysis buffer. Protein elution was performed by an imidazole
step-gradient. Fractions containing RrgA were pooled and dialyzed 3 hr into
50 mM Tris-HCl, 150 mM NaCl (pH 8.0) at 4C, and subsequently incubated
with 1/5 (w:w) TEV protease at 15C. The protein was reloaded onto an
HisTrapHP column and the eluted cleaved products dialyzed 3 hr into the same
buffer as above. Subsequently, RrgA was loaded onto a MonoQ (5/50GL GE
HealthCare) column in 50 mM Tris-HCl (pH 8.0) and eluted in the flow through;
fractions were pooled, concentrated, and injected onto a HiLoad 16/60 Super-
dex 200 (GE HealthCare) column in 50 mM Tris-HCl, 150 mM NaCl (pH 8.0).
Pooled and concentrated fractions were used for crystallization tests. All RrgA
variants were expressed using the samemethodology, except that theMonoQ
step was not employed.Structure 18, 106Selenomethionylated RrgA was expressed in E. coli RIL cells in minimal
medium supplemented with thiamine (0.2 mg/ml), leucine (50 mg/ml), valine
(50 mg/ml), isoleucine (50 mg/ml), lysine (100 mg/ml), phenylalanine
(100mg/ml), threonine (100mg/ml), and selenomethionine (60mg/ml). Expres-
sion and purification was performed as for the native protein.
The pLIM-RrgA expression plasmid served as a template for the introduction
of single amino or double acid substitutions by PCR using the QuikChange XL
Site Directed Mutagenesis Kit (Stratagene). All the mutant constructs were
subsequently sequenced; the results showed that only expected mutations
were introduced during PCR. Expression and purification of all RrgA mutants
were performed as for the wild-type protein.
Crystallization, Data Collection, and Structure Solution
Crystals of native RrgA were grown by the hanging-drop vapor diffusion
method at 20C in 20%PEG 3350, 0.2 M disodium phosphate dihydrate, while
selenomethionine crystals were produced in 50 mM MES (pH 6.5), 5% PEG
4000, 10% glycerol, and 100mM NaCl. Both native and selenomethyonylated
crystals were cryoprotected by successive brief incubations in mother liquor
containing increasing concentrations of glycerol (up to 20%), and were subse-
quently flash-cooled in liquid nitrogen until data collection. A three-wavelength
MAD experiment was performed on the Se edge on the ID-29 beamline (2.4 A˚,
space group P21). The three data sets from the MAD experiment were pro-
cessed and scaled with XDS (Kabsch, 1993); identification of selenium atom
positions, refinement, and phasing were performed with AutoSHARP
(Bricogne et al., 2003; de la Fortelle and Bricogne, 1997) and automatic model
building was performed with ARP/wARP 7.0.1 (Perrakis et al., 1999). PHASER
(Storoni et al., 2004) was subsequently used to performmolecular replacement
using the model generated by the MAD experiment in order to phase a native
data set (1.9 A˚, space group P212121) collected at the European Synchrotron
Radiation Facility (ESRF) ID23-EH1 beamline (Grenoble, France). Cycles of
automatic and manual building were performed using ARP/wArp and Coot
(Emsley and Cowtan, 2004), respectively, coupled with refinement cycles by
REFMAC 5.4 (Murshudov et al., 1997).
Fluorescence-Based Assays
Assays were conducted in an IQ5 96-well format real-time PCR instrument
(Bio-Rad) in the presence of a Sypro Orange (Molecular Probes) probe. The
total volume was to 25 ml. Samples were heat-denatured from 20C to
100C at a rate of 1C per minute. At each step, excitation was performed at
470 nm, while emission of Sypro Orange fluorescence was monitored at
570 nm. Plotting of the fluorescence versus temperature curves, followed by
the calculation of the first derivative at each point allowed the identification
of each inflection point; the minima were referred to as the melting tem-
peratures (Tm). Data result from two independent experiments performed in
triplicate.
SUPPLEMENTAL INFORMATION
Supplemental Information includes five figures and can be found with this
article online at doi:10.1016/j.str.2009.10.019.
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As this manuscript was going to press, Hilleringman and coworkers published
work describing the electron microscopy anaylsis of streptococcal pili, where
RrgA is clearly located at the tip of the pilus fibril (Hilleringman et al. (2009)
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